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SYSTEM FOR SENSOR SENSITIVITY
ENHANCEMENT AND METHOD
THEREFORE

BACKGROUND OF THE INVENTION

1. Field of the Invention

A sensor system and method are provided having a digital
signal processing unit adapted for providing sensitivity
enhancement. Sensitivity enhancement 1s provided by attenu-
ating white noise within a frequency band corresponding to a
signal of interest utilizing the white noise that 1s distributed 1n
a frequency spectrum outside the frequency band that corre-
sponds to a signal of interest. In particular, the system and
method make use of a matrix digital signal processor to con-
vert a digital signal, the digital signal being representative of
a signal output from a sensor, from a single event time domain
signal with N time domain samples to N frequency domain
samples, where N 1s an integer greater than 1. The N {re-
quency domain samples represent a frequency spectrum at
least N times greater than what 1s typically referred to as the
“matched filter bandwidth” of the signal output from the
sensor. The energy of a multi-event signal (1.e. multiple N
sample 1nputs) 1s obtained by coupling the output of the
matrix digital signal processor to a mode digital signal pro-
cessor. The mode digital signal processor computes an aver-
age signal energy over an extended time period of multiple
signal energy values output by the matrix digital signal pro-
CESSOr.

2. Prior Art

The sensitivity of sensors, including radio frequency
receivers, 1s defined as the ability to detect or perceive a given
phenomenon, condition or level and one major limitation
thereol 1s naturally occurring white noise. The power of this
noise within the sensor or receiver reception bandwidth 1s
given by the well-known formula:

W=KT1IFbG;

where, “W” 1s the nominal or average noise power, “K” 1s
Boltzmann’s Constant, ““I”" 1s the absolute temperature, “F” 1s
the noise figure, “B” 1s the reception bandwidth and *“G” 1s the
gain.

Those knowledgeable i the art, including the inventor,
consider single input event sensitivity enhancement attempts
that use non-linear signal processing as being ineifective at
enhancing sensitivity for most applications.

The prior art generally linearly optimizes the sensitivity of
receivers and sensor systems by placing a preamplifier as
carly 1n the reception chain of circuit elements as practical
and by using a preamplifier with a gain that 1s suificiently
large that the noise figure of subsequent circuits 1s effectively
irrelevant. Further, a high quality preamplifier 1s used that has
a small noise figure. The final conventional linear method of
optimizing sensitivity 1s to match the reception bandwidth to
the signal bandwidth 1n order provide an optimum signal to
noise ratio (SNR). Another method of optimizing sensitivity,
although 1n most cases somewhat impractical, 1s to cool (sig-
nificantly) the preamplifier and other front-end hardware.
This 1s usually accomplished with either a special refrigera-
tion system or by immersion mnto a bath of liquid nitrogen.

It 1s has been widely believed that 1t was not possible to use
linear signal processing to attenuate the white noise without
simultaneously attenuating the signal. When the mput con-
s1sts of multiple time domain samples that are transformed to
frequency domain samples or cells, and the width of what we
designate as the designated cell 1s equal the bandwidth of the
desired signal, practitioners of the prior art have assumed that
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the noise visible outside the designated cell 1s of no use 1n
assessing the noise 1n the designated cell.

However, 1n contrast to the prior art, the inventor has been
found that 1t 1s possible to linearly attenuate the noise in the
designated cell without attenuating the desired signal. The
noise values in the remaining frequency domain cells are
determined and used to attenuate the noise component in the
designated cell using a matrix digital processing system and
method.

SUMMARY OF THE INVENTION

A system for enhancing sensitivity of a sensor system 1s
provided. The system includes a front end circuit having an
input receiving a signal representing a sensing parameter
combined with white noise and outputting an electrical signal
corresponding thereto. The front end circuit has a frequency
bandwidth N times a matched filter bandwidth for the sensing
parameter to be detected by the front end circuit, where N 1s
greater than one. The system further includes a digital signal
processing unit coupled to the front end circuit for filtering the
clectrical signal as a plurality of frequency domain cells. The
digital signal processing unit defines one of the plurality of
frequency domain cells as a designated cell. The designated
cell has a center frequency and bandwidth matched to the
desired signal. The other of the plurality of frequency domain
cells are frequency domain cells outside the matched filter
bandwidth, where the other of the plurality of frequency
domain cells are processed to obtain an estimate of white
noise energy 1n the designated cell.

From another aspect, a system for enhancing sensitivity of
a sensor system 1s provided. The system includes a front end
circuit having an input recerving a signal representing a sens-
ing parameter combined with white noise and outputting an
clectrical signal corresponding thereto. The system further
includes an analog-to-digital converter receiving the electri-
cal signal and outputting a digital representation of the elec-
trical signal as N sequential samples, where N 1s an integer
greater than one. Further, the system includes a digital signal
processing unit coupled to the analog-to-digital converter.
The digital signal processing unit includes a matrix digital
signal processor for applying a transform to the N sequential
samples using matrix of N~ cells. One of the cells is a desig-
nated cell with center frequency and bandwidth matched to
the signal representing the sensing parameter combined with
white noise. Energy of the white noise 1s distributed 1n the
designated cell and a plurality of other of the cells 1n row zero
of the matrix. The matrix digital signal processor uses the
white noise distributed 1n the plurality of those other cells to
compensate for energy of the white noise within the desig-
nated cell to provide a filtered output signal at an output of the
matrix digital signal processor representing an energy value
of the sensing parameter.

From still another aspect, a system for enhancing sensitiv-
ity of a receiver system 1s provided. The system includes a
front end circuit having an antenna coupled to input thereof
receiving white noise and a carrier signal modulated by an
information signal and outputting a demodulated electrical
signal corresponding to the information signal and white
noise. The front end circuit has a frequency bandwidth N
times a matched filter bandwidth for the demodulated elec-
trical signal, where N 1s greater than one. Further, the system
includes a digital signal processing unmit coupled to the front
end circuit for filtering a digital representation of the demodu-
lated electrical signal as a plurality of frequency domain cells.
The digital representation of the demodulated signal 1s 1nput
to the digital signal processing unit as N sequential digital
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samples. The digital signal processing unit defines one of the
plurality of frequency domain cells as a designated cell. The
designated cell has a frequency bandwidth equal to a fre-
quency bandwidth of the signal’s carrier. The other of the
plurality of frequency domain cells includes frequency
domain cells outside the matched filter bandwidth, and the
other of the plurality of frequency domain cells are processed
to obtain an improved estimate of signal energy in the desig-
nated cell. When a signal 1s not present, the designated cell’s
measured energy 1s reduced compared to the conventional
processing’ s measurement of the matched filter’s white noise
energy.

From yet another aspect, a method of enhancing sensitivity
of a sensor system 1s provided. The method includes the step
ol providing a sensor system having a frequency bandwidth N
times a matched filter bandwidth for an mput signal to be
detected by the sensor system, where N 1s greater than one.
The method also includes the step of sensing the mnput signal
and white noise at an input of the sensor system and providing
an electrical signal representation thereof at an output of the
sensor system. Further, the method 1ncludes the step of pro-
viding a digital signal processor to filter the electrical signal
representation as a plurality of frequency domain cells. The
digital signal processor defines one of the plurality of fre-
quency domain cells as a designated cell. The designated cell
has a frequency bandwidth equal to a frequency bandwidth of
the mput signal. The method further includes the step of
processing the other of the plurality of frequency domain cells
to obtain an estimate of the signal energy in the designated
cell in a manner that effectively attenuates the white noise.
The other of the plurality of frequency domain cells includes
frequency domain cells outside the matched filter bandwidth.
Still further, the method includes the step of compensating for
the white noise 1n the designated cell using the white noise
values 1n the other of the plurality of frequency domain cells.

From a still further aspect, a method of enhancing sensi-
tivity of a sensor system 1s provided. The method includes the
steps of sensing a sensing parameter combined with white
noise and conversion thereof to an electrical signal, and con-
verting the electrical signal in an analog-to-digital converter
to a digital representation thereof as N sequential samples,
where N 1s an integer greater than one. Further, the method
includes the step of filtering at least a portion of the white
noise from the digital representation of the electrical signal to
provide a signal representing the sensing parameter 1n a digi-
tal signal processing unit. The step of filtering includes apply-
ing a transform to the N sequential samples for converting the
samples to an NxN matrix. The step of filtering further
includes processing the matrix to calculate the (vector) volt-
ages ol the white noise external to a bandwidth of the sensing
parameter and using the calculated white noise (vector) volt-

ages to compensate for energy of the white noise within the
bandwidth of the sensing parameter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a high level block diagram for the sensitivity
enhancement system of the present invention;

FIG. 1B 1s a block diagram illustrating an implementation
of the present invention;

FIG. 1C 1s a block diagram illustrating an implementation
of the present invention for processing multiple events;

FIG. 1D 1s a block diagram 1illustrating an implementation
of the present mvention for processing multiple events with
an option of further enhanced sensitivity for processing mul-
tiple event signals;
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FIG. 2A 1s a block diagram of the sensitivity enhancement
system for processing single and multiple events applied to an

clectromagnetic signal recetver system;

FIG. 2B 1s a block diagram of the sensitivity enhancement
system or processing single and multiple events applied to a
receiver system with the option of further enhanced sensitiv-
ity for processing multiple event signals;

FIG. 3 1s a detailed block diagram of the matrix digital
signal processor and the Fourier transtorm digital signal pro-
CESSOr;

FIGS. 4A and 4B present exemplary data and results for the
matrix digital signal processor and the Fourier transform
digital signal processor;

FIGS. 4C and 4D present exemplary data and results for the
matrix digital signal processor;

FIGS. SA, 5B, 5C and 3D present exemplary calibration
data for the matrix digital signal processor where N=8;

FIG. 6A 1s a block diagram of an exemplary implementa-
tion of a Mode 1 processor;

FIG. 6B 1s a block diagram of an exemplary implementa-
tion of a Mode 2 processor;

FIG. 6C 1s a block diagram of an exemplary implementa-
tion of a Mode 5 processor;

FIG. 7A 1s a presentation of exemplary data and results for
mode 2 processing;

FIG. 7B 1s a graphical presentation of exemplary results for
mode 2 processing;

FIGS. 8A and 8B are graphical presentations of exemplary
results for single event processing of the matrix digital signal
Processor;

FIGS. 9A and 9B are graphical presentations of exemplary
results for multiple event processing of eight events;

FIGS. 10A and 10B are graphical presentations of exem-
plary results for multiple event processing of sixty-four
events;

FIG. 11 1s a graphical presentation showing the perfor-
mance of the disclosed system’s signal processing compared
to conventional processing as a function of the event combi-
nation count; and

FIG. 12 1s an exemplary graphical representation of fre-
quency domain cells for an eight-sample single-event input.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIGS. 1A and 1B, there 1s shown high-level
diagrams 1llustrating a basic arrangement of a sensor system
providing sensitivity enhancement and having a digital signal
processing unit (DSP unit) adapted for that purpose. In broad
concept, as presented in FIG. 1A, the sensor system 1ncludes
a Tront end 81 which receives a signal or stimulus that 1n the
real world includes some level of noise, defined as an
unwanted random addition to a signal. The sensor system
turther includes a DSP unit 82 coupled to the front end 81 for
providing a high quality representation of the sensor output.

The input 1 to front end 81 1s sensing parameter, which may
be energy (mechanical, electrical, optical, etc.) representing a
signal (time-varying or spatial-varying quantity) or may be a
stimulus (a physical property being measured), and white
noise. The sensing parameter that 1s input can be a velocity or
acceleration; a body’s orientation (e.g., roll, pitch and/or
yaw ); flow rate; displacement of an object or material; pres-
sure; temperature or heat; mechanical vibration including
those considered to be acoustic; electrical; magnetic; electro-
magnetic (including radio frequency, laser and other light
propagations); or a variety of other possible things to be
measured at a given frequency, along with 1ts accompanying
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undesired white noise. The front end 81 can be considered an
analog signal processor, including an analog sensor and pos-
sibly one or more stages of amplification, and sampling and
associated circuitry that converts the analog input into an N
quadrature data value set (or a 2N data value set for a single
sideband sampler) of digital data that is placed on the output

bus 5 that couples the front end 81 to the input of the DSP unit
82. Thus, while the exemplary systems described herein
define the front end as including a digitizing function, that
function can be just as well be a separate functional element
of the system or incorporated in the digital signal processing
portion of the system, all without departing from the inventive
concepts presented herein.

To provide the improved sensitivity of the disclosed exem-
plary systems and methods, there are two constraints on the
system. These constraints are described in the frequency
domain as follows. The first constraint 1s that the frequency of
the signal of interest be matched to the designated cell center
frequency. The mput bandwidth of the sensor of front end 81
can be thought of as being divided into a number of cells or
bins as a function of the sampling frequency of front end 81.
The convention being used here 1s that a group of “IN” time-
domain samples 1s taken at the sampling rate (quantization) as
input and processed as a “single event,” without regard to the
past or Tuture history of the data, where this time domain data,
consisting of two N components 90 degrees out of phase with
one another, 1s transformed (using digital signal processing)
into N frequency domain spectral lines or cells and the vector
in the one designated cell 1s considered the (filtered) signal
plus noise value. The sampling rate 1s at least the Nyquist rate.
The bandwidth of the designated cell 1s the single event recep-
tion bandwidth, typically the “matched filter bandwidth.” For
clectromagnetic input signals, such as radio frequency (RF)
signals, the designated cell has a center frequency corre-
sponding to the signal’s carrier frequency by definition. Thus
the designated cell defines, 1n the frequency domain, that
portion of the spectral bandwidth of the front end that 1s
centered on the bandwidth of the signal of interest. The des-
ignated cell has the same properties of a conventional N
sample time to frequency transform, where the remaining
cells are conventionally discarded because they contain no
signal energy, only noise energy.

For all practical purposes, the designated cell contains all
of the wavelorm energy of a single mnput event signal, while
the white noise energy 1s distributed among all of the fre-
quency domain cells. The average white noise energy 1n each
cell, mncluding the designated cell, 1s equal. However, the
noise energy distribution among the frequency domain cells
for a given input event 1s usually quite unequal as shown by
the cell-to-cell magnitude variations for an example eight-
sample single-event input 1n FIG. 12. As used herein a “single
event” time length, which 1s sometimes referred to in the art as
the matched filter time interval, 1s defined as the reciprocal of
the bandwidth for a theoretical matched filter that would be
used 1n the front end to optimize the reception sensitivity,
from the perspective of signal to noise ratio, thereof.

The other constraint 1s that the gain of the front end be flat
across the bandwidth, including the designated cell, that1s N
times the designated cell bandwidth, where “N” 1s a key
processing parameter, typically being 8 or 64, corresponding,
to the number of samples taken. In the quadrature-sampling,
convention, the number of time domain samples and the
number of frequency domain samples are both equal to N, in
accord with the Nyquist Limit (sampling frequency being at
least twice the highest frequency of the signal being
sampled).
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Although the gain flatness across the band of front end 81
ensures that the noise can be characterized as white noise, that
constraint 1s not a critical parameter. Under conditions where
the front end 81 has unacceptable gain variations that are
unavoidable, for whatever reason, such unacceptable a priori
variations can be compensated for i the DSP unit 82 by
well-known digital processing techniques.

The bus 5 transiers the digitized input data to the DSP unit
82, where 1t 1s processed to ascertain a measure of the white
noise outside the designated cell and use that measure to
increase the signal sensitivity 1n the designated cell. The
processed data 1s then output from DSP unit 82 on bus 6 ({or
a single event processing) or bus 7 (for multiple event pro-
cessing), as will be described 1n following paragraphs.

A more detailed 1llustration of a typical implementation of
front end 81 and DSP unit 82 1s shown 1n FIG. 1B. However,
while some applications may need additional frequency-shift
circuitry included as well, such 1s not important to the sensi-
tivity enhancement systems and methods provided herein.
The frequency alignment, bandwidth and gain constraints of
front end 81, as discussed above, are embodied 1n the speci-
fication constraints of the sensor 10, the analog to digital
converter (ADC) 11 and the clock 16. The matrix DSP pro-
cessing of DSP unit 82 1s carried out 1n the Matrix DSP 12.

As previously discussed, the sensor 10 has characteristics
that are appropriate for the particular phenomenon being
sensed. For example, the sensor 10 may be a microphone for
sensing acoustic signals, an antenna for sensing RF signals, or
a piezoelectric device for sensing mechanical vibrational sig-
nals. Sensor 10 converts the input phenomenon into an analog
voltage signal. The output transmission line 2 from the sensor
10 feeds the voltage signal to the analog to digital converter
(ADC) 11. The ADC 11 digitizes the analog input voltage on
line 2 and outputs the digital representation of the voltage
signal, via data bus 5, as input data to the matrix digital signal
processor (DSP)12. A clock 16 outputs a sampling rate signal
to the ADC 11 via output 3. The sampling rate provide by
clock 16 1s at least N times the bandwidth of the designated
cell when quadrature sampling 1s employed. Quadrature sam-
pling takes a first set of samples at the sampling rate and a
second set of samples at the sampling rate but with the clock
signal shifted 90 degrees. The two sets of samples are often
called “T” and “Q” component samples or called “real” and
“1imaginary’ component samples. Quadrature signal process-
ing 1s signal processing using these two component vectors
rather than scalars. Generally, the sampling hardware outputs
to the DSP the two I and Q component values. As 1s customary
in digital signal processing architectures, the DSPs 1n system,
in this example DSP 12, are operated in synchronization with
ADC 11, so the same clock 16 also supplies all of the DSPs
with a clock signal from output 4, which clock signal may be
a sub-multiple of the ADC 11 sampling rate provided at
output 3.

The matrix DSP 12 operates on a single event mput to
create a scalar on bus 6 that 1s a filtered signal energy estimate
for that single event, which 1s the designated cell signal
energy estimate. The details of the processing of DSP 12 will
be described 1n following paragraphs. Where multiple events
are 1o be processed, an even greater sensitivity can be real-
1zed. Turning now to FIG. 1C, an example of the DSP unit 82
implementation for processing multiple events 1s shown. As
in the single event example, the digitized N quadrature
sample data 1s mput to the matrix DSP 12 via bus 5. The
output data of DSP 12 on bus 6 1s input to a Mode DSP 13.
Mode DSP 13 combines multiple event energy estimates
from DSP 12 into a single energy estimate. Specifically,
Mode DSP 13 operates on multiple event inputs to create
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scalars on bus 7 that are the final filtered energy estimates for
the combined multiple events, which are the designated cell
signal energy estimates. Mode DSP 13 performs Mode 1
and/or Mode 2 processing. Mode 1 processing 1s a simple
energy average, whereas, Mode 2 processing 1s an “area
under the curve” processing. Mode 2 processing adds to the
enhanced sensitivity achieved by the signal processing of the
Sensor system.

For single event signals and coherent multiple event sig-
nals, the implementations shown 1n FIGS. 1B and 1C function
with superior performance over conventional systems. But
for multiple event signals 1n certain circumstances, a greater
sensitivity enhancement may be achieved by combining a
conventional Fourier transform digital signal processor with a
Mode 2 digital signal processor. As used herein, coherent
signals are those 1n which the phase changes over time can be
predicted, such as a signal having a constant phase. FIG. 1D
provides an example of the sensor system that includes a
turther modification to provide an option of yet further
enhanced sensitivity when presented with multiple event
coherent signals. Adding to the multiple event configuration
of DSP unit 82 described with respect to FIG. 1C, DSP unit 82
turther includes a conventional Fourier transform digital sig-
nal processor (FDSP) 14 that receives the digitized N quadra-
ture sample data via bus 5 and outputs the filtered scalar data
on bus 8. The transforms associated with DSP 12 and FDSP
14 will be described 1n following paragraphs. FDSP 14 may
be implemented using a Discrete Fourier Transform (DFT) or
a Fast Founier Transform (FFT), either of which are well
known 1n the art. The output on bus 7 1s input to a Mode DSP
15 and may also optionally be used as reference data for
comparison with the output on bus 7 during testing and cali-
bration of the system. In a multiple event scenario, the matrix
DSP 12 will output energy estimates and FDSP 14 will output
both multiple energy estimates and multiple vector estimates,
one energy estimate/vector for each event’s Irequency
domain cell. Mode DSP 15 may be used to perform Mode 1,
Mode 2 and/or Mode 3 processing, where Mode 5 processing
computes the energy of the coherent vector average. As 1llus-
trated by the graph 1n FIG. 11, combining the Mode 5 pro-
cessing to that of the FDSP 14 (graph line 320) can provide a
greater increase 1n sensitivity of the sensor system when the
number of multiple events 1s large. However, for fewer mul-
tiple events, the advantage of that combination 1s eliminated
and the combination of Matrix DSP 12 and Mode DSP 13
provide superior performance (graph lines 322 and 324).

Turning now to FIGS. 2A and 2B, there are shown
examples of the sensitivity enhancement system applied to
the reception of radio frequency signals. The “front end” 1s
common to both examples and includes a sensor defined by
antenna 21, a band-pass filter (BPF) 22, a preamplifier 23, a
mixer or down converter 24, a local oscillator (LO) 25, an
ADC 11 and a clock 16. As previously discussed, the band-
width of the front end 1s much greater than that typically
found 1n a conventional recetver system (N times greater), so
that a measure of the white noise energy outside the band-
width of the signal of interest (outside the “matched filter
bandwidth™) can be used to increase the signal sensitivity
within the bandwidth of the signal of interest. Although not
important to the concepts disclosed herein, such recerver
systems may have other features not shown in FIGS. 2A and
2B, the most common of which are (1) means to adjust the
reception center frequency by tuning the LO 235 and (2) means
for automatic gain control (AGC). Further, the receiver sys-
tem may also be altered by placing a BPF or a low-pass filter
(LPF) between the mixer 24 and the ADC 11 instead of, or 1n
addition to, the BPF 22, especially when the LO 25 1s tunable.
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The input 1 comprising an electromagnetic propagating RF
signal and white noise 1s detected by the antenna 21 and
transierred as a voltage waveform (time varying signal)
through the transmission line 17 to the BPF 22. The use of the
BPF 22 1s to prevent any strong out ol band signals from being
coupled to the preamplifier 23 or mixer 24 and causing satu-
ration thereof (destroying their linear properties for in-band
signals). However, the inclusion of BPF 22 1s at a cost of
increasing the front end noise figure caused by the BPF 22
insertion loss. Since 1t 1s prudent to include the BPF 22 as
shown, a BPF having a minimum insertion loss 1s selected.
The BPF 22 filtered output 1s input to preamplifier 23 through
transmission line 18. The function of the preamplifier 23 1s to
apply sulficient gain, with minimum noise figure, to (1) make
the noise figure of the subsequent components essentially
irrelevant and (2) match the voltage range (also known as the
“dynamic range”) of the mixer 24 and ADC 11. The amplified
output of preamplifier 23 1s coupled to the mixer 24 through
transmission line 19. The function of the mixer 24 1s to “beat™
the iput signal supplied by transmission line 19 against the
wavelorm (usually a pure tone) supplied from LO 23 to the
mixer via transmission line 20. The mixer 24 outputs on
transmission line 2 an itermediate frequency signal which
has a frequency that 1s the difference between the frequency
of the amplified output of preamplifier 23 and the frequency
ol the local oscillator signal provided by the transmission line
20. The intermediate frequency signal output from the mixer
24 1s coupled to the ADC 11 by transmission line 2. As
described with respect to FIGS. 1B, 1C, 1D, 2A and 2B, ADC
11 digitizes the intermediate frequency signal supplied by
transmission line 2 based on the sampling rate supplied by
output line 3 of clock 16.

Referring additionally to FI1G. 3, the block diagrams for the
internal functioning of the Matrix DSP 12 in FIGS. 1D, 2A
and 2B, and the FDSP 14 1n FIGS. 1D and 2B, are shown.
DSPs 12 and 14 have respective input and output registers 26,
32 and 33, 35. It 1s understood that in applications where the
ADC11 1nc1udes an output register, such could eliminate the
need for the mnput registers 26 and 33. The Matrix DSP 12
achieves 1ts single-event sensitivity enhancement by exploait-
ing a matrix that has been designed to compensate for the
white noise 1n the designated cell by quantitying the white
noise outside the designated cell in the input spectrum that 1s
identical to row zero of the matrix. The transforms associated
with this matrix will be mathematically described by first
mathematically describing the conventional transforms.

The output from the ADC 11 1s input to DSP 14 via data the
bus 5 1n the Example of FI1G. 2B. The data 1s registered in the
1 xN register 33, where N 1s the number of input time domain
quadrature samples for each event. FIGS. 4A and 4B show an
example of such registered data in rows 157 to 163 inclusive.
In this example, N equals eight, the total time interval 1s one
second, and so the quadrature sampling rate 1s eight Hz. The
example’s nominal white noise input has zero db of energy (in
the total eight-cell bandwidth) and the signal input has three
dB of energy (1n the single designated cell, cell #1). The noise
plus signal nominal net input energy 1s therefore 4.76 dB, but
this example’s actual energy for the net input with its specific
random noise 1s 2.22 dB. The mput time domain registered
samples are shown 1n Cartesian real and imaginary compo-
nents i rows 160 and 161, columns C through J inclusive, as
they would be 1n registers 26 and 33 1n FIG. 3, while the input
time domain samples are also shown in polar magnitude and
phase components in rows 162 and 163, columns C through J
inclusive. The mathematics for the Cartesian to polar and
polar to Cartesian conversions 1s conventional and therefore
not explicitly described herein.
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The data register 33 output 1s coupled to the mput of trans-
form processor 34 via data bus 42. Transform processor 34
transforms the time domain data, the N quadrature samples,
to frequency domain data 1n a linear manner. The convention
tor all transtorms 1s to make the energy 1n both domains equal.
The calculated values from transform processor 34 are output
to the output register 35 by data bus 43. An example of the
registered data in register 35 1s shown 1n FIG. 4A, rows 165 to
171 inclusive. The Cartesian real and imaginary components
are shown 1n rows 168 and 169, columns C through J inclu-
stve, and also shown 1n polar magnitude and phase compo-
nents 1 rows 170 and 171, columns C through I inclusive.
This data of this example 1s also presented graphically in FIG.
12, 1n polar components. The N data values from transform
processor 34 are transierred to Output Register 35 are output
therefrom via bus 8.

The equations for the transform processor 34 time domain
polar components transform to the frequency domain Carte-
s1an components are:

Ve(m)=SUM[#]|(v (3)*COS(vp(s)* PI-2*PI*f *f )
*DT

v (m)=SUM[#](v ((n)* SIN(vp(rn)* PI-2*PI*f, *1,)*DT
where
[ =n*DT

f,=mEDE

Where capital letters are used for functions and constants
unless they are subscripts. The subscript “R” identifies a
Cartesian real component, the subscript “I” 1dentifies a Car-
tesian 1imaginary component, the subscript “A” 1dentifies the
polar amplitude or magnitude component, the subscript “P”
identifies the polar phase component, “N”” 1s the number of
time-domain samples, “n” 1s the time domain integer counter
where 0<=n<=N-1, “m” 1s the frequency domain integer
counter where O<=m<=N-1, “1” 1s the frequency in Hz, “t” 1s
the time 1n seconds, “SUM|[n]( . . . )” 1s the summation over
“n” of the *“ . .. ” expression, “COS( . . . )” 1s the cosine
function of the *“. . .” argument, “SIN( . .. )” 1s the sinusoid
function of the “ . . . ” argument, “PI” 1s the constant pi
(approximately 3.14159), “DT” 1s the time domain sampling
period 1 seconds (the reciprocal of the sampling rate 1n Hz),
“DF” 1n Hz 1s the reciprocal of the N time domain samples
total interval 1n seconds and “v(n)” and “v(m)” are vector
value components 1n volts or radians (depending on the sub-
script) in the time domain at time “t” corresponding to the n”
sample and 1n the frequency domain at frequency “I” corre-
sponding to the m™ frequency respectively. In the aforesaid
example, with N equal to eight, the values of “n” are the
integers O, 1, 2, 3, 4, 5, 6 and 7; the values of “m” are the
integers 0, 1,2, 3,4, 5, 6 and 7; the values of “t” are 0.000,
0.125, 0. 250 0.375, 0.500, 0. 625 0.750 and 0.875 1n sec-
onds; the values of“f’ are 0.0, 1.0,2.0,3.0,4.0,5.0, 6.0 and
7.0 1n Hz, the value of “DT7" 15 0.125 seconds and the value of
“DF”1s 1.0 Hz.

Again referring to FI1G. 2B, the output {from the ADC 11 1s
input to the matrix DSP block 12 via data bus 5. Referring
now to FIG. 3, the data 1s registered in the 1xIN mput register
26, where N 1s the number of mnput time domain quadrature
samples for each event. As described above, rows 160 and 161
in FIG. 4A shows an example of the registered data. The
output of input register 26 1s coupled to the transform proces-
sor 27 by data bus 36. The transform processor 27 transforms
the N quadrature samples that are time domain data to an NxN
matrix i a linear manner. The rows and columns are herein

5

10

15

20

25

30

35

40

45

50

55

60

65

10

numbered 0 through N-1. The transform processor 27 calcu-
lated values are output to the input matrix register 28 through
data bus 37. The transtormed values in row 0 of the NxN
matrix are the conventional transformed frequency domain
samples, also known as the input spectrum. FIGS. 4C and 4D
show an example of the mput matrix register 28 registered
data in rows 173 to 200 inclusive. Specifically, the exemplary
matrix samples stored in input matrix register 28 are shown in
Cartesian real components 1n rows 177 through 184 and col-
umns C through J inclusive, in Cartesian imaginary compo-
nents 1n rows 177 through 184 1n columns O through V
inclusive, in polar magnitude components 1n rows 191
through 198 and columns C through J inclusive, and 1n polar
phase components 1n rows 187 through 198 1n columns O
through V inclusive.

The equations for the Transform Processor block 27 time
domain polar components transform to the matrix Cartesian
components are:

va(w,m)=SUM[n](v ((n)*COS(vp(n)*PI-2*PI*f *t_
-PIFMOD(INT(c, /2 (n—1)),2))*DT
viiw,m)=SUM|[n]|(v (s)*SIN(vpn)*PI-2*PI*f *i,

—PP*MOD(INT(c, /2" (n-1)),2)))*DT

Where, 1n addition to those conventions already defined,
“w” 1s the matrix row integer counter as well as the code
domain 1nteger counter while “m” 1s now the matrix column
integer counter (as well as the frequency domain integer
counter as defined above), “MOD( . .. ,2)” 1s the modulo-2
functionofthe . ..” value, “INTY(... )" 1s the integer function
of the * . . . ” value, and “v(w,m)” are the vector value
components 1n volts in matrix row “w” and column “m”
where O<=w<=N-1 with the row having code “c” corre-
sponding to mteger counter “w” and the column having fre-
quency “1” corresponding to integer counter “m.” The code
values of “c” (with subscript w) are a special set of non-
duplicated integers. In the example presented in F1IGS. 4C and
4D, the values of “w” are the integers 0, 1,2, 3,4, 5, 6 and 7
and the values of “c” are the integers 0, 30, 45 51 71,89, 106
and 116. The particular values of “c” give the elght by cight
code domain by frequency domain (8x8 CDxFD) matrix 1ts
needed characteristics and were arrived at through extensive
simulation trials comparing results of the matrix DSP trans-
form results with those of the conventional DSP transform for
known 1nput signal and white noise levels. The matrix trans-
form mathematics applies to any allowed value of N, but a
precise set of mteger code values would be needed for each
matrix size greater than eight-by-eight and can be derived
similarly using the method of arriving at the set of integer
code values disclosed herein.

The above described implementation of sensitivity
enhancement signal processing using the above matrix trans-
form has been made with sufficient detail to allow those
competent in designing sensor systems, including RF receiv-
ers, to implement a like system for their particular applica-
tion, where N=8 time domain samples and the processing
uses an 8x8 CDxFD matrix. But larger matrices should give
a greater sensitivity enhancement. The increase in sensitivity
enhancement with larger sample sizes N requires a higher
front-end sampling rate, a longer sampling time length, or
some combination thereof. Larger values of N also require
suificient processing power to implement the correspond-
ingly larger matrices. Larger matrix transforms require a cor-

responding special set of code integer values.
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When the number of time domain samples “N’" 1s restricted
to N=8"M, where “M” is a positive integer, then the code
constants disclosed above for M=1 can be re-used provided M
codes are umiquely assigned to each row. For example, the
M=1 matrix has a single code for each row while the M=2
matrix has two codes assigned to each row such that no pair of
codes 1s duplicated. Specifically, given a single-event sam-
pling interval of one second, the M=1 case has N=8, a 64-cell
matrix with an abscissa with eight Hz total bandwidth and one

Hz bandwidth for each column, as shown in FIGS. 4A-4D,
S5A-5D and 12, while the M=2 case has N=64, a 4096-cell
matrix with an abscissa with sixty-four Hz total bandwidth
and one Hz bandwidth for each column.

The mathematics for the M=2, a 64x64 CDxFD matrix
transforms 1s shown here. The equations for N=64 1n trans-
form processor 27 (FIG. 3) time domain polar components
transform to the matrix Cartesian components are:

V(w,m)=SUM{[1](v 4(#)* COS(vp(r)*PI-2 *PI*f, %t
—PI*MOD(INT(c,/2"(n-1)),2)
~PI*MOD(INT(c;/2"(n-1)),2)))*DT

v (w,m)=SUM{[#](v 4(1)*SIN(vp(r)*PI-2 *PI*f, %,
—PP*MOD(INT(c,/2"(n-1)),2)

—PI*MOD(INT(c;/2"(n-1)),2)))*DT

Where, 1n addition to those symbol conventions already
defined: the values of “c” have the eight integer code values
already 1dentified except now each row “w” has a pair of
codes using the new subscripts “1” and “¢”” both limited to the
range 0 through 7 inclusive and both specified by the integer
values of “w” from O to 63 inclusive.

Thus, for the 64x64 CDxFD matrix each row has a pair of
code values c, ;. For the first eight rows, the lett codes of the

pair are O while the right codes will sequentially be 0, 30, 45,
51,71, 89, 106 and 116. Thus, ¢, ; for 1=0 and j=0-7 the code

values will be 0, 0; 0, 30; 0, 45; 0, 51; 0, 71: 0, 89; 0, 106; 0,
116. For the next eight rows the left codes of the pair will be
30 while the right codes will sequentially be 0, 30, 45, 51,71,
89, 106 and 116. This pattern continues for each group of
eight rows to generate the code values for all sixty-four rows.
The processing approach for even larger matrices would s1mi-
larly reuse the integer code values established for c.

Next, the signal energy estimate 1s made using linear signal
processing or quasi-linear signal processing, based on the
designated cell and selected cell vector values 1 the mput
matrix register 28 and the calibration matrix register 30. The
selected cell 1s defined as that cell used to make the signal
energy estimate. “Linear signal processing” 1s defined as
signal processing limited to the following three quadrature-
vector functions: (1)addition, (2) multiplication by a constant
and (3) filtering, although, techmically, filtering can be
thought of as a frequency-domain frequency-dependent mul-
tiplier constraint. For these purposes, “multiplication by a
constant,” includes multiplication by a constant wavelorm
(such as multiplying the input by a local oscillator wavetorm,
as 1s commonly done 1n the front end of recetvers). Multipli-
cation of the waveform by 1tself 1s forbidden. The averaging
of multiple scalar energy estimates, although 1t may seem like
a linear process, does not necessarily give the same answer as
averaging vectors and computing the energy of the averaged
vector; therefore energy averaging 1s herein defined as
“quasi-linear signal processing.”

The cells that may be declared the selected cell are any of
the cells of input matrix register 28, excluding the cells 1n row
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zero. Not all of these (N"2-N) allowed cells provide useful
information and the quality of the information of the remain-
der varies from cell to cell. The selected cell and the desig-
nated cell vector values are output from the mput matrix
register 28 through data bus 38 and input to the signal energy
estimator 29 as shown 1n FIG. 3. The other input to the signal
energy estimator 29 1s the selected cell vector value from the
calibration matrix register 30 through the data bus 40.

The calibration matrix register 30 values are created 1n the
same way that the transform processor 27 computes the trans-
tformed values from the input waveform matrix values stored
in the mput matrix register 28, albeit for a calibration 1mput
wavelorm that 1s herein described in the frequency domain.
The calibration mput wavetform 1s defined as having a unity-
volts-magnitude zero-degrees-phase vector 1n the designated
cell and zero 1n all the other spectrum cells. FIGS. SA-5D
show an example of the calibration matrix register 30 values
for a value of N equal to eight and the designated cell 1n
column 1 of the matrnix. FIGS. 4A-4D and FIGS. 5A-5D show
unique e1ght sample input examples, but otherwise show the
result of identical processing. As can be seen 1n FIG. 53C, 38 of
the 56 cells not 1n row zero have a non-zero magnitude. Only
those 38 cells provide a usetul signal energy estimate. The
calibration matrix register 30 can acquire the calibration data
several ways. One way 1s to pre-load the data when the DSP
1s first programmed, which, depending on the DSP technol-
ogy (ASIC, FPGA, etc), may be at the time of manufacture.
Another option 1s to 1nput a dummy calibration time domain
wavelorm on bus 5 (the data of which 1s shown in FIGS. 5A
and SB) that 1s processed 1n transform processor 27 normally,
except that the load command line 44 (provided when this
option 1s employed) has a calibration trigger that instructs the
calibration matrix register 30 to save the calibration data
supplied from the mput matrix register 28 by a connection
with data bus 38.

The Signal Energy Estimator 29 processes the selected cell
value according to the following equations:

e=|d| 2*DF
when |VI=0 then s=0, otherwise:

u=|v|2*DF
g=1d=-V*|2*DF
E=(V172-1V*V172)/1V172
U=1VI72-(1DI2-1D-(V*V)1"2)

s=(e—u—-g+E*u)/(2*U)

Where, 1 addition to those symbol conventions already
defined: “v”" 1s the input matrix register 28 selected cell vector
voltage, “d” 1s the input matrix register 28 designated cell
vector voltage, “V” 1s the calibration matrix register 30
selected cell vector voltage, “D” 1s the calibration matrix
register 30 designated cell vector voltage, having a unity
magnitude and zero phase, and *““s” 1s the scalar signal energy
estimate in Joules. The interim calculation symbols are: “e” 1s
the designated cell scalar energy 1n Joules, “u” 1s the selected
cell scalar energy 1n Joules, “g” 1s the designated cell scalar
energy after the selected cell 1s blanked and the row or column
containing that blanked selected cell 1s transformed to the
designated cell, “E” 1s the calibration scalar fraction of the
selected cell energy of all cells 1n the row zero spectrum
except the designated cell when just the selected cell 1s trans-
formed to the row zero spectrum and “U” 1s the calibration
scalar fraction ol the designated cell energy for the calibration
wavelorm 1put of all cells in the row zero spectrum except
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the designated cell when the selected cell 1s blanked and the
row or column containing the selected cell 1s transformed to
the row zero spectrum. When the symbol 1s underlined that
means that the vector’s phase angle has been made the nega-
tive of what 1t was, so that 1t 1s the complex conjugate vector.
The calibration values are shown with capital letters because
they are constants. The impedance 1s assumed to be unity.

The symbol “e””1s also defined as the scalar energy estimate
output from the output register 35 within the FDSP 14 on bus
8, which data 1s 1n addition to the spectrum voltage vector data
that may also be on bus 8, as previously described. Of course,
the value of ““e” has nothing to do with the selected cell or the
matrix, except that the row zero of the matrix 1s identical to the
spectrum.

When the bus 5 mput waveform matches the calibration
input wavelorm and IV|>0 for the selected cell, then the value
of “s” computed by these equations will be unity, as 1t should
be. When noise 1s present and the signal 1s weak or not present
it 1s not unusual for the value of “s” to be negative, which of
course 1s not physically valid since the true signal energy must
be zero or positive.

Next, the individual selected cell estimates of the signal
energy are combined to get a single net estimate of the signal
energy. The (N"2-N) energy estimates made by the signal
energy estimator 29 are mput to the weighted average esti-
mator 31 by bus 39 and the corresponding (N 2-N) calibra-
tion values stored 1n the calibration matrix register 30 are also
input to the weighted average estimator 31 by way of bus 40,
as shown 1n FIG. 3. The data transfers on buses 38, 39 and 40
may 1teratively pass the data for each selected cell in turn for
some applications where the signal 1s discontinuous, such as
where the signal 1s a radar pulse, but may need to be simul-
taneous for all allowed selected cells for applications where
the signal 1s continuous in order to maintain the data rate.

The net energy estimate computed by the weighted average
estimator 31 1s:

H =V " 2*DF

q=SUMIK](s;,"Hy )/ SUM[K](H)

Where, 1n addition to those symbol conventions already
defined: “k” 1s the selected cell address integer counter,
“SUMIK]( . . . )” 1s the summation over “kK” of the = .. .”
expression and “q” 1s the final energy estimate scalar value.
The interim calculation scalar value “H” 1s the energy 1n the
calibration matrix selected cell number k. The integer values
of “k” are from unity to (N"2-N). For example, when N 1is
cight, then 1<=k<=56. Negative values of q are normally
dealt with 1n the Mode DSP 13. If Mode DSP 13 1s not used,
as 1n FI1G. 1B, negative q values are set to zero.

The scalar value of “q” 1s output from the weighted average
estimator 31 and 1input to the Output Register 32 over bus 41.
The output of output register 32 1s, 1n turn, output from the
matrix DSP 12 through data bus 6. As previously described,
the scalar value “e” 1s output from the output register 35
within the FDSP 14 on data bus 8.

The signal processing can be extended to combine single-
event signal-energy estimates to make a signal energy esti-
mate good for a multiple event extended time period. Refer-
ring back to FIGS. 1C, 1D, 2A and 2B, the matrix DSP 12
filtered energy estimate, a scalar, can be output to a Mode
DSP 13 via data bus 6 and with respect to FIGS. 1D and 2B,
the FDSP 14 filtered energy estimate, a scalar, and/or the full
spectrum of the input, a set oI N vectors, can also be output to
a Mode DSP 15 via data bus 8. Mode 1, Mode 2 and Mode 5
multiple-event processing options potentially operate on this
data as individually described 1n following paragraphs.
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Specifically, the Mode DSP 13 may be used to implement
any of Mode 1 or Mode 2 and the Mode DSP 15 may be used
to implement any of Mode 1, Mode 2 or Mode 5. Mode 1 and
Mode 2 are implemented 1dentically whether implemented 1n
the Mode DSP 13 or the Mode DSP 15, although the values
input to Mode DSP 13 and Mode DSP 15 are generally
different.

Mode 1 processing 1s simply the average of the single-
event energy estimates where negative values of g are set to
zero. Since the average 1s of energy scalars, not voltage vec-
tors, this 1s a quasi-linear function. One of several ways to
implement the Mode 1 processor 1s shown 1n FIG. 6A. The
individual event scalar filtered energy estimates are input to
the respective Mode 1 processor from the matrix DSP 12 via
data bus 6 when the Mode 1 processor 1s implemented as the
Mode DSP 13 (FIG. 1C) and/or from the FDSP 14 via data
bus 8 when the Mode 1 processor 1s implemented as the Mode
DSP 15 (FIG. 1D). The data on bus 6 or bus 8 (FI1G. 6A) 1s fed
to the adder 44 that has an output 45 that 1s fed back to the
adder 44 to make a running sum that 1s calculated for each
event. The Clear Command 46 1s coupled to the adder 44 via
line 47 and clears the adder 44 running sum at the beginning
of a multiple event time period. The adder 44 running sum 1s
input to the divider 48 via bus 45, acting as the division
numerator, while the count of the event counter 49 1s 1nput to
the divider 48 via bus 50, acting as the division denominator.
The division quotient 1s output from the divider 48 via bus 7
when the Mode 1 processor 1s implemented as the Mode DSP
13 or via bus 9 when the Mode 1 processor 1s implemented as
the Mode DSP 15.

If a Mode 2 processor 1n implemented, the Mode 2 proces-
sor has a partitioned array of energy level cells, each cell with
a threshold. The processing counts the signal energy estimate
above-threshold events 1n each cell, converts this count into a
percentage and then calculates the “area under the curve™ for
the percentage-versus-energy graph for use as an overall
energy estimate. This processing 1s nonlinear.

Referring to FIG. 6B, there 1s shown one of several ways to
implement the Mode 2 processor. The scalar filtered energy
estimates are input to the Mode 2 processor from the Matrix
DSP 12 via data bus 6 when the Mode 2 processor 1s imple-
mented as the Mode DSP 13. In this case, negative q values
are set to zero. When the Mode 2 processor 1s implemented as
Mode DSP 15, the scalar filtered energy estimates are input
from the FDSP 14 via data bus 8. The energy estimates on bus
6 and/or bus 8 are converted to a log value in the log converter
51 that must deal with out of range 1nputs such as zero, and
this log value 1s fed to a bank of threshold detector difference
amplifiers 53 -33, via data bus 52. The number of threshold
detectors in the bank 1s a function of the number of data points
on the “curve” for which calculations are being made. For
cach event, these threshold detectors 53 _-33  output a logic 0
orlogic 1 vialines 56 _-56,_depending on whether the value on
bus 52 1s above the reference threshold #1 on bus 60 , refer-
ence threshold #2 on bus 60, and reference # “maximum” on
bus 60 , respectively. Out of range inputs are put in the
extreme left or right cells. This bank of threshold detectors 1s
ted to a corresponding bank of counters. The logic state from
threshold detector 53 1s fed to Counter 62 via line 56 _, the
logic state from threshold detector 53, 1s fed to Counter 62,
via line 56, and the logic state from threshold detector 53 1s
fed to Counter 62, via line 56, . The Clear Command 46 resets
to zero these counters 62 -62 via line 47 at the beginning of
the multiple event time period. The outputs from the bank of
counters are respectively input to a corresponding bank of
dividers that calculate the count percentages. The count from
Counter 62 1s fed to the percentage calculator 64  via data
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bus 65 _, the count from Counter 62, 1s fed to the percentage
calculator 64, via data bus 65, and the count form Counter
62 1s fed to the percentage calculator 64, via data bus 65, .
The Event Counter 49 provides the denominator for the divi-
sion performed by percentage calculators 64 _-64 via bus 50.
The bank of percentage calculators 64 _-64_ all output to the
weilghted average processor 68. Percentage Calculator 64
provides an output to the weighted average processor 68 via
bus 70 _, the percentage calculator 64, outputs to the weighted
average processor 68 through the bus 70,, and the percentage
calculator 64, provides an output to the weighted average
processor 68 via bus 70 . The bank of reference values are
also supplied to the weighted average processor 68 respec-
tively through buses 60 _-60 . The weighted average proces-
sor 68 data output 1s placed on bus 7 when the Mode 2
processor 1s implemented as the Mode DSP 13, and/or placed
on bus 9 when the Mode 2 processor 1s implemented as the
Mode DSP 15.

The data input to the weighted average processor 68 on
busses 70 _-70 can be thought of as the ordinate values of a
graph and the data input to the weighted average processor 68
on busses 60 _-60 can be thought ot as the abscissa values of
a graph. Here, the abscissa values are equally spaced on a log
scale. The weighted average calculation result 1s the area
under the curve of this graph. Computer model tests have
confirmed that the properly scaled area under the curve 1s a
good estimate for the signal strength, giving better sensitivity
than even coherent processing for some conditions. As 1s
known, for computing a weighted average each abscissa
value 1s multiplied by the curve’s ordinate value, all of the
multiplication values are summed and that sum 1s divided by
the sum of the curve’s ordinate values.

An example of the Mode 2 processing 1s shown 1n FIGS.
7A and 7B. In this example, N 1s equal to 8 and the designated
cell has a zero dB nominal noise level. In FIG. 7A, the thresh-
old values are shown from spreadsheet cell D441 to AT441:
from —21 dB to +21 dB 1n one dB steps. Initially, all the cells
shown from spreadsheet cell D443 to A1443 are set to zero.
For each event, for each cell shown from spreadsheet cell
D442 to A1442, when the signal energy estimate, expressed
in dB, 1s greater than the corresponding threshold cell value 1n
row 441, less 0.50 dB, a “1” 1s placed 1n the cell. For each
event, for each cell shown from spreadsheet cell D443 to
AT443, the cell value 1s increased by one when the corre-
sponding cell in row 442 1s a one and the percentage count 1s
calculated for the corresponding cell 1n row 444. In the
example there have been 64 events. The lowest threshold,
shown 1n spreadsheet column D, has made a detection in 50 of
these 64 events for a 78.13 percent detection rate; most of the
higher thresholds have detected fewer. The “area under the
curve” 1s calculated from these percentages and 1s shown 1n
cell D445 as —3.33 dB as a running value and 1n cell H445 as
a registered value. Since 64 events were expected, the D445
value 1s the final value and cells D445 and H445 are 1identical.
The graph in FIG. 7B shows both the measured-data curve
202 and a curve 204 based on data representing a rectangle
having the same area under its “curve’ as the measured-data
curve. The edge of this rectangle 1dentifies the Mode 2 net
energy result.

Mode 5 processing 1s simply the energy of the average of
the single-event vectors. Since the average 1s of voltage vec-
tors, not energy scalars, the averaging is a linear function and
the averaging processing 1s considered coherent. The Mode 5
processing may be included 1n the system as a usetul refer-
ence or when (for particular applications) the signal multiple-
event phase modulation happens to be known.
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One of several ways to implement the Mode 5 processor 1s
shown 1 FIG. 6C. The Mode 5 processor, when used, 1s
implemented as the Mode DSP 15. The designated cell vector
1s 1nput to the phase modulator 72 from the FDSP 14 through
data bus 8. The data needed to demodulate the phase changes,
stored 1n the phase modulation data register 73, based on a
prior1 known information about the signal waveform, 1s also
fed to the phase modulator 72 by the data bus 74. The data
from phase modulation data register 73 1s always equal to
zero 1f the signal’s phase 1s known to be constant over the
multiple events extended time period. Phase modulator 72
clfectively subtracts the phase value on bus 74 {from the vector
phase value on bus 8. The phase modulator 72 output vector,
with 1ts adjusted phase, 1s input through data bus 76 to the
vector adder 75. The adder 75 has 1ts output fed back on bus
77 to the summation to make a running vector sum that is
calculated for each event. The Clear Command 46 clears the
adder 75 runming sum via line 47 at the beginning of the
multiple event time period. The adder 75 running sum 1s input
through bus 77 to the vector divider 78, acting as the division
vector numerator, while the count of event counter 49 1s input
to the vector divider 78 through bus 50, acting as the division
scalar denominator. The division quotient vector calculated
by the vector divider 78, that 1s the average of the vectors that
have been received thus far, 1s input through data bus 80 to the
energy calculator 79. The energy calculator 79 calculates the
signal energy, which 1s the square of the vector magnitude
multiplied by the designated cell bandwidth divided by the
impedance, and outputs the calculated signal energy on bus 9.

The results for an 8x8 CDxFD matrix 1s shown graphically
in FIGS. 8A and 8B for a single event assessed statistically for
1024 repetitions, using a computer model of the system where
the nominal noise energy 1n each spectral cell 1s zero dB. The
graph line 206 represents the data provided from the com-
bined FDSP 14 and mode DSP 15. The output data for each of
Mode 1, Mode 2 and Mode 5 processing overlaps and defines
the single graph line 206. The graph line 208 represents the
data provided from the combined matrix and mode DSPs 12
and 13. The output data for each of Mode 1 and Mode 2
processing overlaps and defines the single graph line 208. The
input signal data used in the computer Model 1s represented
by graph line 210. The curves for the combined FDSP 14 and
mode DSP 135 for Modes 1, 2 and 5 lie on top of one another
and those of the combined matrix and mode DSPs 12 and 13
for Modes 1 and 2 lie on top of one another because there 1s
only a single event. Results for eight events assessed statisti-
cally for 128 repetitions are shown 1 FIGS. 9A and 9B and
results for sixty-four events assessed statistically for 128 rep-
ctitions are shown 1n FIGS. 10A and 10B. The graph line 210
represents input signal data in each of those FIGS. 9A and
10A graphs. In FIGS. 9A and 9B, the graph line 212 repre-
sents the data provided from the combined FDSP 14 and
mode DSP 15 for Mode 1 processing and overlaps the graph
line 210 1n FIG. 9B; the graph line 214 represents the data
provided from the combined FDSP 14 and mode DSP 15 for
Mode 2 processing and the graph line 216 represents the data
provided from the combined FDSP 14 and mode DSP 15 for
Mode 5 processing. Further, in FIGS. 9A and 9B, the graph
line 218 represents the data provided from the combined
matrix and mode DSPs 12 and 13 for Mode 1 processing and
the graph line 220 represents the data provided from the
combined matrix and mode DSPs 12 and 13 for Mode 2
processing. In FIGS. 10A and 10B, the graph line 212 repre-
sents the data provided from the combined FDSP 14 and
mode DSP 15 for Mode 1 processing, the graph line 214
represents the data provided from the combined FDSP 14 and
mode DSP 135 for Mode 2 processing and the graph line 216
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represents the data provided from the combined FDSP 14 and
mode DSP 15 for Mode 5 processing; the graph line 218
represents the data provided from the combined matrix and
mode DSPs 12 and 13 for Mode 1 processing and the graph
line 220 represents the data provided from the combined
matrix and mode DSPs 12 and 13 for Mode 2 processing. The
nominal noise 1s 1dentical for all the events and all the figures.

In each of FIGS. 8A, 9A and 10A, the graph shows the
average measured energy 1n dB on the ordinate scale (except
of graph line 210 which represents the mput signal data)
versus the signal strength 1n dB on the abscissa scale and in
cach of FIGS. 8B, 9B and 10B, the graph shows the average
error energy normalized to the nominal net input energy in dB
on the ordinate scale (except of graph line 211 which repre-
sents the noise energy to imput energy ratio data) versus the
signal strength 1n dB on the abscissa scale; both sets of
abscissa scales are 1dentical. The simulation was run for four-
teen signal magnmitude values separated by three dB except for
the lowest signal magnitude (at =99 dB signal magnitude,
essentially no signal present). The signal phase was random-
1zed for each input event and the signal frequency was always
perfectly centered in the designated cell. The data graphed for
the graph lines representing the output of the combined FDSP
14 and mode DSP 15 1s the data output on data bus 9 and data
graphed for the graph lines representing the output of the
combined matrix and mode DSPs 12 and 13 1s the data output
1s the data on data bus 7, as shown 1n FIGS. 1C, 1D, 2A, 2B
and 6 A-6C. The graph line 210 1n the graph 1n each of FIGS.
8A,9A and 10A also shows the signal energy and 1n the graph
in each of the FIGS. 8B, 9B and 10B the graph line 211 also
shows the noise energy to net mput energy ratio (NIR). The
ordinate scales and the abscissa scales for all of the graphs 1n
FIGS. 8A, 8B, 9A, 9B, 10A and 10B are such that zero dB
corresponds to the nominal input noise energy (equal to the
input nominal error energy). For all of the graphs of FIGS.

8A, 8B, 9A, 9B, 10A and 10B, when the signal magnitude 1s
-99 dB, the combined FDSP 14 and mode DSP 15 for Mode
1 has both 1ts measured energy and its error energy at zero dB,
as would be predicted. For Mode 1, it can be seen1n FIGS. 8 A,
8B, 9A, 9B, 10A and 10B that the matrix processing success-
tully attenuates the noise, thereby substantially improving the
sensitivity compared to the combined FDSP and mode DSP
non-coherent processing. Specifically, the combined matrix
and mode DSP processing for Mode 1 no-signal-present
attenuation of the noise (the left-most data point in the graph)
1s 3.7 dB for a single event, 7.6 dB for eight events, and 13.3
dB for sixty-four events whereas the corresponding combined

FDSP and mode DSP processing for Mode 1 values are 0.0,
0.0 and 0.0 dB.

FIG. 11 shows the performance of the disclosed system’s
signal processing compared to conventional processing as a
function of the event combination count. Specifically, the
performance for the DSP 15 Mode 1, Mode 2 and Mode 35
processing and the performance for the DSP 13 Mode 1 and
Mode 2 processing are shown. FIG. 11 includes the left-most
data points 1n FIGS. 8A, 9A and 10A (for no signal present)
and 1ncludes additional points for other event-combination
counts determined from computer-modeling data. Quantita-
tively, graph line 322 represents the DSP 13 Mode 1 (the
matrix processing simple energy average) performance,
where the no-signal-present attenuation of the noise 1s 3.7 dB
for a single event (the left most point of FIG. 8A), 7.6 dB for
cight events (the left most point oI FIG. 9A), and 13.3 dB for
sixty-four events (the left most point of FIG. 10A). Whereas,
graph line 316 represents the performance of the correspond-
ing DSP 15 Mode 1 (the Fourier transform processing simple
energy average) performance, values (that theoretically are
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0.0, 0.0 and 0.0 dB, but with the computer model “Monte-
Carlo” statistics approximation) are -0.2, —0.1 and 0.1 dB.
Graph line 320 represents the DSP 15 Mode 5 performance,
which requires a-prior1 knowledge of the signal phase. The
graph shows that this processing scheme requires a significant
number of events to exceed the performance of the DSP 13
matrix processing that does not use a-priori knowledge of the
signal phase. Graph line 320 shows that with no signal
present, starting at zero dB, noise suppression increases about
3.0 dB more for each doubling of the event combination
count, whereas, as graph line 322 shows, the DSP 13 Mode 1
processing starts at 3.7 dB suppression and noise suppression
increases about 1.5 dB for each doubling of the event combi-

nation count. It can also be seen 1n FIG. 11, that use of Mode
2 processing improves the performance of both the non-
matrix and matrix processing for multiple events, and gives
the best results for moderate event-combination counts. Spe-
cifically, graph line 318 representing DSP 15 Mode 2 (the
Fourler transform processing with “area under the curve”
processing) has corresponding noise attenuation values of
—0.2 (that theoretically should be 0.0), 1.8 and 2.5 dB, while
graph line 324 representing DSP 13 Mode 2 processing (the
matrix processing with “area under the curve” processing)
has corresponding noise attenuation values of 3.6, 12.4 and
14.1 dB.

As these quantitative values 1llustrate, the signal process-
ing system and methods described herein do indeed improve
the sensitivity of sensors. It does so by matrix processing that
exploits information about the white noise outside the desig-
nated cell (outside the matched filter bandwidth).

The Mode 2 operation should be calibrated because i1ts
curve does not align with the true signal energy curve when
there are multiple events unless the signal 1s quite strong, as
shown in FIGS. 9A, 9B, 10A and 10B. Those skilled 1n signal
processing techniques, after examining FIGS. 8A, 8B, 9A,
OB, 10A and 10B, would conclude that a calibrated Mode 2
operation would give excellent performance for all signal
input magnitudes and give a monotonic response above -6 dB
signal magnitude. That 1s, the combined matrix and mode
DSP processing for Mode 2 that has been calibrated should
have much better performance than the combined matrix and
mode DSP processing for Mode 1 that does not need calibra-
tion.

Further, combining Mode 2 processing with FDSP pro-
cessing 1s modestly usetul even without matrix processing as
can be seen 1n the above discussion. The performance will
also vary as a function of the sampling count N, and thus the
performance will vary as a function of the size of the matrix.

Based on the above description, those familiar with signal
processing may be able to develop other modes. In particular,
a mode allowing negative values of “q” should allow excel-
lent sensitivity for some signal strengths provided a mono-
tonic dynamic range 1s not an 1ssue or can be dealt with 1n
sOme manner.

As described above, the signal processing system and
methods described herein enhances the sensitivity by linearly
attenuating the noise but not the signal 1n the designated cell.
The linear attenuation of the noise in the designated cell 1s
accomplished by exploiting information about the noise
available 1n other frequency domain spectrum cells based on
the assumption that these other cells contain white noise
exclusively (see FIG. 12). However, when the white noise
bandwidth contains unwanted signals such may or may not be
a problem. If the unwanted signals are a concern there are
methods to eliminate or minimize that signal interference as
described in following paragraphs.
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In many cases, and especially when the desired signal’s
modulation rate 1s relatively low, the required ratio of the
white noise bandwidth to the designated cell bandwidth can
clfectively be achieved when the nearby spectrum 1s unavail-
able by using a longer sampling time period and lowering the
sampling rate (1.e., keeping N unchanged). While, using a
longer sampling time period often allows conventional pro-
cessing to improve the sensitivity, the enhancement of the
disclosed signal processing system adds to the conventional
benefit. Alternatively, when this option 1s unavailable because
of the desired signal’s modulation rate constraints, the
unwanted signals can be deleted, either by using well-known
digital processing servo-mechanism techniques, provided the
unwanted signals are sufliciently strong and pure, or by
simple subtraction provided the unwanted signals are known
on an a priori basis, or by a combination of these two tech-
niques, or by other known techmques.

However, the signal processing system and methods
described herein can be highly useful when sampling adjust-
ments cannot remove unwanted signals from the required full
bandwidth and, for some reason, conventional digital pro-
cessing techmiques cannot deal with unwanted signal inter-
terence. For applications that sense and measure electromag-
netic propagating signals, as an example, there are potentially
three unwanted 1nputs: free-space noise, front-end noise and
nearby unwanted signals. Matching the bandwidth of BPF 22
in the front end (shown 1n FIG. 2) to the required white noise
bandwidth allows the matrix DSP to suppress both the free-
space noise and the front-end noise, but leaves i1t vulnerable to
interference from unwanted signals within the white noise
bandwidth. Whereas, by matching the BPF 22 bandwidth to
the designated cell bandwidth allows the matrix DSP to sup-
press just the front end noise (not the free-space noise), but
avolds 1nterference from unwanted signals. In most cases the
primary contributor to the noise intensity is the system’s front
end, especially for systems of lesser quality with front ends
that operate at room temperature and use components with
modest noise figures. Therefore, 1n these common cases the
unwanted signals can be filtered out 1n a way that for all
practical purposes does not intertere with the sensitivity
enhancement processing of the matrix DSP.

The graphs in FIGS. 8,9, 10 and 11 show the disclosed
system’s performance for matrix processing (DSP 13 output),
both with and without mode processing (DSP 13 output) for
various modes, as well as non-matrix processing (FDSP 14)
combined with mode processing (DSP 15 output) for various
modes. With reference to FIG. 11, a simplistic interpretation
of the FIG. 11 graph curve for the non-matrix Mode 5 (graph
line 320) apparently shows, when the vector signal 1s 1nte-
grated for a sulliciently large number of events, that this
non-matrix coherent-processing performance 1s better than
the performance achieved with matrix processing (graph lines
322 and 324). However, that 1s not necessarily true because
the matrix processing always has superior sensitivity, as will
be i1llustrated in design option examples discussed 1n follow-
ing paragraphs. In the following design option examples it 1s
assumed that the total bandwidth and matching clock rate
have been predetermined and are fixed, and the signal 1s
coherent, with a constant phase across all the time of interest.

For these conditions the design engineer has the option of
implementing matrix processing by treating the input as mul-
tiple events, or a single event with finer spectral resolution, or
some combination, depending on which choice gives the best
performance. For example, instead of the design engineer
choosing to use the 8x8 CDxFD matrix eight times for eight
samples each for eight events, as 1llustrated (as an abscissa
point) 1n FIG. 11, the design engineer may choose to “artifi-
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cially” treat the input as a single event with 64 samples for that
one event and use a 64x64 CDxFD matrix.

Although matching the number of single-event samples to
the matrix size 1s the i1deal situation, there 1s another poten-
tially beneficial design option available. The above text has
only 1identified the needed matrix codes for matrix sizes 8x8,
64x64, 512x3512 etc. Nevertheless, the option still exists,
especially or most easily when the signal phase 1s constant,
for sample sizes not matched to one of these matrix sizes, to
choose between treating the mnput as multiple events or a
single event even 1f the matched-size matrix code remains
unknown. Consider the eight-sample 32-event input example
illustrated (as an abscissa point) i FIG. 11. This 1s an
unmatched condition where FIG. 11 shows the matrix pro-
cessing having a disadvantage relative to the non-matrix pro-
cessing. But, a superior matrix-processing design option
results by instead of transforming the time domain samples in
groups ol eight samples, making eight frequency domain
cells for each of the thirty-two events (and using the 8x8&
CDxFD matrix processing for each of the thirty-two events).
In this scheme, the mput 1s transformed into (32x8=) 256
frequency domain cells. This data can be beneficially pro-
cessed as a single event with either an 8x8 matrix or a 64x64
matrix. Assuming the latter choice, every fourth cell from this
256 cell spectrum, providing sixty-four equally-spaced fre-
quency-domain cells including the designated cell, 1s utilized
for the 64x64 CDxFD matrix single-event processing. In
other words, the data 1s “artificially” treated as a sixty-four
cell single-event input spectrum. The fact that the spectral cell
widths are really one-fourth narrower than implied 1s 1rrel-
evant: the average noise energy 1s reduced (6 dB relative to a
true 64-sample spectrum, as desired) but the noise relative
statistical variations otherwise remains unchanged, and so the
matrix processing provides its usual additional-sensitivity
performance.

Although this invention has been described in conjunction
with specific forms and embodiments thereof, 1t will be
appreciated that various modifications other than those dis-
cussed above may be resorted to without departing from the
spirit or scope of the mvention. For example, functionally
equivalent elements may be substituted for those specifically
shown and described, and certain features may be used inde-
pendently of other features, and 1n certain cases, particular
locations of elements may be reversed or interposed, all with-
out departing from the spirit or scope of the mmvention as
defined 1n the appended Claims.

What 1s being claimed 1s:

1. A system for enhancing sensitivity ol a sensor system,
comprising;

a front end circuit having an input receiving a signal rep-
resenting a sensing parameter combined with naturally
occurring white noise and outputting an electrical signal
corresponding thereto, said front end circuit having a
frequency bandwidth N times a matched filter band-
width for the sensing parameter to be detected by said
front end circuit, where N 1s greater than one; and

a digital signal processing unit coupled to said front end
circuit for recerving said electrical signal as N sequential
samples, said digital signal processing unit including a
matrix digital signal processor for applying a transform
to said N sequential digital samples using a matrix of
NxN cells having an abscissa axis representing equally
spaced frequency domain values and an ordinate axis
representing code domain values, one of said cells defin-
ing a designated cell, said designated cell having a fre-
quency bandwidth and center frequency matched to a
frequency bandwidth and center frequency of said signal
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representing said sensing parameter, said code domain
values being established by unique and non-duplicated
code constants to provide a transform where a remainder
of said plurality of frequency domain cells include fre-
quency domain cells outside said matched filter band-
width with a common code constant and cells trans-
formed differently with a different code constant,
wherein said remainder of said plurality of frequency
domain cells are processed to obtain an estimate of sig-
nal energy 1n said designated cell, said matrix digital
signal processor providing a {iltered output signal rep-
resenting an energy value of said sensing parameter.

2. The system as recited 1n claim 1, where said digital
signal processing unit includes a mode digital signal proces-
sor having an input coupled to said output of said matrix
digital signal processor to provide a signal energy estimate for
a multiple event sensing parameter.

3. The system as recited 1n claim 2, where said mode digital
signal processor computes an average ol multiple energy
values output by said matrix digital signal processor during a
time period.

4. The system as recited 1n claim 2, where said mode digital
signal processor performs a statistical analysis of multiple
energy values output by said matrix digital signal processor
during a time period to output a representative energy value.

5. The system as recited 1n claim 4, where said statistical
analysis includes an area under the curve processing method
to calculate said representative energy value.

6. The system as recited in claim 2, where said digital
signal processing unit further includes a Fourier transform
digital signal processor coupled to said front end circuit, and
a second mode digital signal processor having an input
coupled to an output of said Fourier transform digital signal
processor to provide a second signal energy estimate for a
multiple event sensing parameter.

7. The system as recited in claim 6, where said second
mode digital signal processor computes an average of mul-
tiple energy values output by said Fourier transform digital
signal processor during a time period.

8. The system as recited in claim 6, where said second
mode digital signal performs an area under the curve process-
ing method to output a representative energy value for mul-
tiple energy values output by said Fourier transform digital
signal processor during a time period.

9. The system as recited in claim 6, where said second
mode digital signal processor computes an energy value ol an
average ol multiple vectors output by said Fournier transform
digital signal processor during a time period.

10. A system for enhancing sensitivity of a sensor system,
comprising;

a front end circuit having an 1nput recerving a signal rep-
resenting a sensing parameter combined with naturally
occurring white noise and outputting an electrical signal
corresponding thereto;

an analog-to-digital converter receiving said electrical sig-
nal and outputting a digital representation of said elec-
trical signal as N sequential samples, where N 1s an
integer greater than one; and

a digital signal processing unit coupled to said analog-to-
digital converter, said digital signal processing unit
including a matrix digital signal processor having a
transform processor for applying a transform to said N
sequential samples using a matrix of NxN cells having
an abscissa axis representing equally spaced frequency
domain values and an ordinate axis representing code
domain values, one of said cells being a designated cell
matched to a frequency bandwidth and center frequency
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of the signal representing the sensing parameter, said
code domain values being established by unique and
non-duplicated code constants to provide a transform
where a remainder of said plurality of cells include fre-
quency domain cells outside said matched filter band-
width with a common code constant and cells trans-
formed differently with a different code constant, energy
of said naturally occurring white noise being distributed
in said designated cell and said remainder of the plural-
ity of cells, said matrix digital signal processor using
voltage vectors of said naturally occurring white noise
distributed 1n said remainder of the plurality of cells to
compensate for energy of said naturally occurring white
noise within said designated cell to provide a filtered
output signal at an output of said matrix digital signal
processor representing an energy value of the sensing
parameter.

11. The system as recited 1n claim 10, where said digital

signal processing unit includes a mode digital signal proces-
sor having an input coupled to said output of said matrix
digital signal processor to provide a signal energy estimate for
a multiple event sensing parameter.

12. The system as recited in claim 11, where said mode
digital signal processor computes an average of multiple
energy values output by said matrix digital signal processor
during a time period.

13. The system as recited 1n claim 11, where said mode
digital signal processor performs an area under the curve
processing method to output a representative energy value for
multiple energy values output by said matrix digital signal
processor during a time period.

14. The system as recited 1n claim 11, where said digital
signal processing unit further includes a Fourier transform
digital signal processor having an input coupled to said ana-
log-to-digital converter, and a second mode digital signal
processor having an input coupled to an output of said Fourier
transform digital signal processor to provide a second signal
energy estimate for a multiple event sensing parameter.

15. The system as recited in claim 14, where said second
mode digital signal processor computes an average of mul-
tiple energy values output by said Fourier transform digital
signal processor during a time period.

16. The system as recited in claim 14, where said second
mode digital signal performs an area under the curve process-
ing method to output a representative energy value for mul-
tiple energy values output by said Fourier transform digital
signal processor during a time period.

17. The system as recited in claim 14, where said second
mode digital signal processor computes an energy value of an
average ol multiple vectors output by said Fournier transform
digital signal processor during a time period.

18. The system as recited in claim 10, where said matrix
digital signal processor comprises:

a linear signal energy estimator coupled to an output of said
transform processor for calculating an energy estimate
for each of a portion of said cells of said matrix; and

a weighted average estimator coupled to said signal energy
estimator for combining energy estimates thereol to
compute a filtered energy value of said electrical signal.

19. The system as recited in claim 18, where said matrix
digital signal processor further comprises a calibration regis-
ter having an output coupled to both said signal energy esti-
mator and said weighted average estimator for supplying
frequency domain samples of a calibration signal thereto.

20. A system for enhancing sensitivity of a recerver system,
comprising;




US 8,958,509 Bl

23

a front end circuit having an antenna coupled to an input
thereof receiving naturally occurring white noise and a
carrier signal modulated by an information signal and
outputting a demodulated electrical signal correspond-
ing to said information signal and said naturally occur-
ring white noise, said front end circuit having a 1ire-
quency bandwidth N times a matched filter bandwidth
for the demodulated electrical signal, where N 1s greater
than one; and

a digital signal processing unit coupled to said front end
circuit for filtering a digital representation of said
demodulated electrical signal as a plurality of frequency
domain cells, said digital representation of said demodu-
lated signal being 1input to said digital signal processing
umt as N sequential digital samples, said digital signal
processing unit including a matrix digital signal proces-
sor having a transform processor for applying a trans-
form to said N sequential digital samples using a matrix
of NxN cells having an abscissa axis representing
equally spaced frequency domain values and an ordinate
axis representing code domain values, one of said cells
defining a designated cell, said designated cell having a
center frequency and a frequency bandwidth matched to
said information signal, said code domain values being
established by unique and non-duplicated code con-
stants to provide a transform where a remainder of said
plurality of frequency domain cells include frequency
domain cells outside said matched filter bandwidth with
a common code constant and cells transtformed differ-
ently with a different code constant, wherein said
remainder of said plurality of cells are processed to
obtain an estimate of naturally occurring white noise
energy 1n said designated cell to be attenuated and
whereby an information signal energy estimate in said
designated cell 1s obtained.

21. The system as recited in claim 20, further comprising
an analog-to-digital converter recerving said demodulated
clectrical signal and outputting a digital representation
thereot as said N sequential samples.

22. The system as recited 1n claim 20, where said digital
signal processing unit includes a mode digital signal proces-
sor having an input coupled to said output of said matrix
digital signal processor to provide a signal energy estimate for
a multiple event information signal.

23. The system as recited 1n claim 22, where said mode
digital signal processor computes an average of multiple
energy values output by said matrix digital signal processor
during a time period.

24. The system as recited 1n claim 22, where said mode
digital signal processor performs an area under the curve
processing method to output a representative energy value for
multiple energy values output by said matrix digital signal
processor during a time period.

25. The system as recited 1n claim 22, where said digital
signal processing umt further includes a Fourier transform
digital signal processor having an input coupled to said ana-
log-to-digital converter and a second mode digital signal pro-
cessor having an mput coupled to said output of said Fourier
transform digital signal processor to provide a second signal
energy estimate for a multiple event information signal.

26. The system as recited in claim 25, where said second
mode digital signal processor computes an average of mul-
tiple energy values output by said Fourier transform digital
signal processor during a time period.

27. The system as recited in claim 25, where said second
mode digital signal performs an area under the curve process-
ing method to output a representative energy value for mul-
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tiple energy values output by said Fourier transform digital
signal processor during a time period.

28. The system as recited 1n claim 25, where said second
mode digital signal processor computes an energy value from
an average of multiple vector values output by said Fourier
transform digital signal processor during a time period.

29. The system as recited 1n claim 20, where said matrix
digital signal processor comprises:

a linear signal energy estimator coupled to an output of said
transform processor for calculating an energy estimate
for a particular cell of said matrix; and

a weighted average estimator coupled to said signal energy
estimator for combining energy estimates thereol from
multiple matrix cells to compute a filtered energy value
of said electrical signal.

30. The system as recited 1n claim 29, where said matrix
digital signal processor further comprises a calibration regis-
ter having an output coupled to both said signal energy esti-
mator and said weighted average estimator for supplying
frequency domain samples of a calibration signal thereto.

31. A method of enhancing sensitivity of a sensor system
comprising the steps of:

providing a sensor system having a frequency bandwidth N
times a matched filter bandwidth for an 1nput signal to be
detected by the sensor system, where N 1s greater than
one;

sensing the input signal and naturally occurring white
noise at an input of the sensor system and providing an
clectrical signal representation thereof at an output of
the sensor system;

providing a digital signal processor to filter the electrical
signal as a plurality of frequency domain cells and
receiving said electrical signal as N sequential digital
samples, the digital signal processor including a matrix
digital signal processor for applying a transform to said
N sequential digital samples using a matrix of NxN cells
having an abscissa axis representing equally spaced ire-
quency domain values and an ordinate axis representing
code domain values, one of said cells defining a desig-
nated cell, the designated cell having a center frequency
and a frequency bandwidth matched to the input signal,
said code domain values being established by unique
and non-duplicated code constants to provide a trans-
form where a remainder of said plurality of frequency
domain cells include frequency domain cells outside
said matched filter bandwidth with a common code con-
stant and cells transformed differently with a different
code constant;

processing said remainder of said plurality of frequency
domain cells to obtain an estimate of naturally occurring
white noise and information signal energy in the desig-
nated cell and the remainder of said plurality of fre-
quency domain cells; and

compensating for the naturally occurring white noise in the
designated cell using the estimate of naturally occurring,
white noise energy established from the remainder of the
plurality of frequency domain cells.

32. A method of enhancing sensitivity of a sensor system

comprising the steps of:

sensing a sensing parameter combined with naturally
occurring white noise and conversion thereof to an elec-
trical signal;

converting said electrical signal in an analog-to-digital
converter to a digital representation thereof as N sequen-
tial samples, where N 1s an 1integer greater than one;

filtering at least a portion of the naturally occurring white
noise from said digital representation of said electrical
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signal to provide a signal representing the sensing

parameter 1n a matrix digital signal processing unit, said

filtering including:

a. using a transform processor to apply a transform to
said N sequential samples for converting said samples
to an NxIN matrix, said matrix having an abscissa axis

representing equally spaced frequency domain values
and an ordinate axis representing code domain values,

one of said cells defining a designated cell, said des-
ignated cell having a center frequency and a fre-
quency bandwidth matched to the iput signal, said
code domain values being established by unmique and
non-duplicated code constants to provide a transform
where a remainder of said plurality of frequency
domain cells include frequency domain cells outside
said matched filter bandwidth with a common code
constant and cells transformed differently with a dif-
ferent code constant; and

b. processing said matrix to calculate voltage vectors of

said naturally occurring white noise external to a

bandwidth of said sensing parameter and using said

calculated white noise voltage vectors to compensate

for energy of said naturally occurring white noise
within said bandwidth of said sensing parameter.

33. A system for enhancing sensitivity of a sensor system to

an 1put signal comprising at least one signal processor con-

figured to use data corresponding to naturally occurring white
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noise in a frequency spectrum external to a frequency band-
width of the mput signal to attenuate naturally occurring
white noise within said frequency bandwidth of the input
signal, said at least one signal processor including a matrix
digital signal processor for applying a transform to N sequen-
tial digital frequency domain samples using a matrix of NxN
cells having an abscissa axis representing equally spaced
frequency domain values and an ordinate axis representing
code domain values, one of said cells defining a designated
cell, the designated cell having a center frequency and a
frequency bandwidth matched to the input signal, said code
domain values being established by unique and non-dupli-
cated code constants to provide a transform where a remain-
der of said plurality of frequency domain cells include fre-
quency domain cells outside said matched filter bandwidth
with a common code constant and cells transformed difier-
ently with a different code constant.

34. The system as recited 1n claim 33, where said matrix

digital signal processor comprises:

a linear signal energy estimator coupled to an output of said
transform processor for calculating an energy estimate
for each of a portion of said cells of said matrix; and

a weighted average estimator coupled to said signal energy
estimator for combining energy estimates thereof to
compute a filtered energy value of an electrical signal
corresponding to said input signal.
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